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Abstract
We examine the relation between amplitudes measured in exclusive
lepto-production and the quark content of the nucleon. We show that
in the limit of high energy and small t, the natural interpretation of
amplitudes measured in these hard exclusive processes is in terms of
the quark content of the meson cloud and not the target itself. In this
regime, Regge amplitudes will make a significant contribution to these
exclusive amplitudes. This leads to violation of QCD scaling.
1 Theoretical Analysis of Exclusive Electroproduction
Recently there has been much interest in hard exclusive reactions. This followed from the proof
of factorization by Collins et al. [1] for exclusive lepto-production. The proof guarantees that
under certain conditions, the exclusive amplitude can be factorized into a hard term calculable
from QCD and a soft term that ideally should be universal. This latter contribution has typically
been parameterized by generalized parton distributions or GPDs [2–4]. This is analogous to
the case of deep inelastic scattering (DIS), where inclusive cross sections can be parameterized
in terms of universal parton distribution functions (PDFs) that are related to quark probabilities
in the nucleon. The only difference is that in hard exclusive processes the amplitude typically
requires an integral over the GPDs.
From duality we know that it is in principle possible to use any channel to describe the
scattering amplitude. In DIS it is known that the s-channel representation is generally the most
efficient way to characterize these reactions. The only exception to this occurs at very small
Bjorken xBJ → 0. Except in this small-x regime, DIS amplitudes can be related to the intrinsic
quark structure of the nucleon. At very small x, amplitudes associated with t-channel processes
will become important; as xBJ → 0 the structure function evolves to represent ladders of partons
originating from t-channel meson exchanges, and Regge exchange makes an important contribu-
tion in this regime.
Once it was realized that Regge exchange may play a significant role in exclusive electro-
production, attempts have been made to incorporate Regge effects using analogies with DIS, i.e
to restrict Regge contributions in exclusive electroproduction reactions to low-xBJ so that scaling
is not otherwise modified [5–8]. It had not been proven that Regge contributions should only con-
tribute to exclusive amplitudes in this domain. We will investigate the question of whether Regge
effects should be substantial in hard exclusive processes and if so, in what kinematic regime they
will be important. Rather surprisingly, we find that, at high energies when Q2 is large and t
small, Regge effects will be significant. This implies that in this region, hard exclusive processes
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will be more sensitive to the structure of exchanged mesons than they are to the intrinsic quark
structure of the nucleon.
We first investigated this question by examining hard exclusive processes in a t-channel
formalism, as was reported in a recent paper [9]. Consider a general hard exclusive amplitude
a∗(q) +N(p)→ b(q′) +N(p′) . (1)
In exclusive electroproduction a∗(q) is a virtual photon with momentum q, where −q2 = Q2. In
Eq. (1), N(p), N(p′) represent the initial and final nucleons with momenta p and p′, respectively.
In the Bjorken limit we have p2 = p′2 = m2N << Q2, and b(q′) denotes a final photon or meson
with momentum q′ satisfying 0 ≤ q′2 ∼ m2N << Q2. As is well known, DIS cross sections
are proportional to the imaginary part of the forward virtual Compton amplitude; this is a special
case of Eq. (1) when p′ = p and q′ = q.
In Ref. [9] we examined the contribution to this exclusive amplitude arising from exchange
of a particle of spin J in the t-channel. For simplicity we ignored spin and other internal degrees
of freedom and assumed only scalar currents. The hadronic contribution to the cross section is
determined from the hadronic tensor,
T (Q2, ν, t, q′2) =
∫
d4zei
q+q′
2
z〈p′|T
[
j(
z
2
)j(−
z
2
)
]
|p〉. (2)
In Eq. (2) T is a function of four independent Lorentz scalars with ν = p·q/mN = Q2/(2xBJmN ),
t = (p′−p)2 = (q−q′)2, and j(z) = φ†(z)φ(z) represents a (scalar) quark current in the Heisen-
berg picture which couples to the external fields representing the a and b particles in Eq. (1).
In the limit of high energy the contribution to the hadronic tensor from t-channel exchange
of a spin-J meson is proportional to
TJ =
βlJ (t)β
u
J (q
2, q′2, t)
t−M2J
J∑
λ=−J
[
(p′ + p)µ1
2
· · ·
(p′ + p)µJ
2
ǫλµ1···µJ (p
′ − p)
]
×
[
(q′ + q)ν1
2
· · ·
(q′ + q)νJ
2
ǫ∗λν1···νJ (p
′ − p)
]
.
(3)
In Eq. (3), ǫ is the spin-J polarization vector, and βlJ and βuJ are the residue functions at the
lower and upper vertex, respectively. This is shown schematically in Fig. 1. In the Bjorken limit,
s→ Q2(1− xBJ )/xBJ and the amplitude reduces to
TJ =
βlJ(t)β
u
J (q
2, q′2, t)
t−M2J
(
Q2
2xBJ
)J
. (4)
The key question is how the upper residue function depends on the large variables (Q2 and
−q′2 = Q2 in the case of inclusive processes, and Q2 for the exclusive amplitudes). It is well
known that for kinematics relevant to inclusive scattering, the upper residue function behaves as
(1/Q2)J+1, modulo logarithmic corrections, so that the amplitude scales, Q2TJ ∝ (1/xBJ )J ,
= Σ
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Fig. 1: t-channel meson contribution to the hadronic tensor for exclusive lepto-production. The amplitude is summed
over all spins J that can contribute, and depends on the product of the residue functions β at the upper and lower
vertices.
as expected [10–13]. Summing over all spins leads to the Regge behavior, Q2T = ∑J TJ ∝
(1/xBJ )
α(0)
. In the small xBJ → 0 limit in DIS, the leading Regge trajectory with α(0) > 0 will
dominate the behavior of the hadronic tensor, while all daughter trajectories with αn(0) < α(0)
are subleading at very small x. For finite xBJ , however, daughter Regge trajectories are no longer
suppressed, and as a result the Regge description becomes ineffective while the s-channel parton
model description becomes natural.
The situation is quite different for exclusive electroproduction. This can be shown by
writing the contribution of a t-channel spin J exchange in terms of the two-current correlation
in the exchanged meson. This can be expanded in terms of a covariant Bethe-Salpeter amplitude
for the exchanged meson, represented in terms of the spectral density gJn. The spectral density is
related to the parton distribution amplitude in a meson and can in principle be constrained from
electromagnetic data [14] and QCD asymptotics [15]. In the Bjorken limit, using the Feynman
parametrization for the quark propagators and ignoring small terms we showed that the upper
vertex function could be written [9]
βuJn =
∫ 1
−1
dx
∫
dµ2gJn(x, µ
2)
∫ 1
0
dα
αJ[
−α
(
q′2+q2
2 + x
q′2−q2
2
)
+ µ2
]n+J−1 .
(5)
For inclusive amplitudes when q′2 = q2 = −Q2, the x disappears from the denominator and
the integration over α is dominated by α ∼ µ2/Q2. As a result, the entire integral is of order
(µ2/Q2)J+1, as we argued earlier.
For exclusive amplitudes however where q′2 ∼ 0, the integrand of Eq. (5) is dominated by
the region 1−x = O(µ2/Q2), and finite α. The endpoint behavior of the distribution amplitudes
gnJ is spin independent, and for leading-twist amplitudes gJn(x → 1) ∼ (1 − x). This leads to
a J-independent suppression of the upper vertex with Q2, βuJn ∼ O(µ4/Q4) independent of the
spin of the exchanged meson. Upon summing over all spins from a single trajectory one finds
that for small t the hadronic tensor is proportional to (Q2/xBJ )α(t). Thus, in the Bjorken limit
exclusive lepto-production should be dominated by a single leading Regge trajectory for all xBJ ,
and not just for xBJ → 0. In this regime hard exclusive processes probe the nucleon’s meson
cloud rather than its intrinsic quark properties.
Since this result was rather surprising, we repeated the derivation of hard exclusive am-
plitudes in an s-channel framework [16], where we analyzed the “handbag” diagrams used in
extracting GPDs. We obtained the same results, namely that in the region of high energy and
small t, Regge effects will make sizeable contributions to hard exclusive amplitudes. We showed
that the DVCS formalism is ill-defined in the presence of Regge behavior in the parton-nucleon
amplitude. This has the following consequences for hard exclusive processes.
1. The breakdown of collinear factorization in these processes means that the soft amplitudes
are not universal, but are process-dependent amplitudes that we call Regge Exclusive Am-
plitudes.
2. The validity of QCD factorization for exclusive lepto-production will require, in addition
to a hard scale Q2, a sizeable value of t.
3. In the region of small t Regge effects will make substantial contributions to DVCS and
exclusive meson lepto-production.
4. Exclusive lepto-production processes will show violation of QCD scaling arguments. These
scaling violations will persist regardless of the magnitude of Q2, in contradiction to expec-
tations of QCD scaling.
5. In the region of small t hard exclusive amplitudes will exhibit a Q2 behavior (Q2/xBJ )α(t)
characteristic of hadronic Regge amplitudes. These amplitudes should be well approxi-
mated by the contribution from the leading Regge trajectory.
2 Experimental Support for Regge Exchange
Recently a Hall A Collaboration at Jefferson Laboratory has carried out a test of scaling in
DVCS reactions [17]. The data appear to be in very good agreement with the Q2-independent
DVCS amplitude predicted by QCD [18], however the available Q2 window is quite small, from
1.5 − 2.5GeV2 and within the published experimental errors one cannot rule out a power-like
dependence of the amplitude, A ∝ (Q2)α, with α as large as 0.25. Even more surprising, ”stan-
dard” Regge-exchange models have proved successful in describing a variety of differential cross
sections [19,20], in the kinematic range where scaling would be expected based on comparisons
with DIS. Our calculations show that the success of the Regge picture is to be expected, and is
not accidental.
A recent experimental analysis of ω electroproduction at Jefferson Laboratory [19] showed
that their data was in good agreement with predictions from standard Regge phenomenology,
while showing large uncertainties with analyses based on models of GPDs [21]. Though our
results were derived in the Bjorken limit with s/|t| >> 1, the JLab data corresponds to energies
of a few GeV and values up to |t| ∼ 2.7. In Fig. 2 we compare our predictions with exclusive
meson electroproduction data. QCD scaling arguments predict that the reduced π+ cross section
should fall off at fixed xBJ as 1/Q2. We predict a behavior (Q2)2α−1 with 0 < α < 1. Fitting
π+ data from HERMES [22] in the range 0.26 < xBJ < 0.8 gives α = 0.31 ± 0.2. Similarly
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Fig. 2: A simple fit to some meson electroproduction data; pi+ results from HERMES (squares, [22]), and ω (cir-
cles, [19]) results from the CLAS Collaboration at Jefferson Lab. In the case of pi+ production the cross section
reduced by the photon flux is plotted in arbitrary units.
for ω electroproduction cross section from the CLAS collaboration [19] we find α = 0.34±0.24
for the range 0.52 < xBJ < 0.58.
We see that for both DVCS and exclusive meson electroproduction, not only are scal-
ing violations observed, but the additional Q2 dependence is softer than predicted by scaling,
and is in agreement with our predicted factor of (Q2)α where 0 < α < 1. At this point it is
difficult to compare the Regge exponents α obtained from the fit with total cross-section data,
since the electroproduction data corresponds to different values of t. This issue warrants further
phenomenological study.
In conclusion, we have shown that the Regge nature of parton-nucleon amplitudes gener-
ates divergences in GPDs at low t. In this region we predict sizeable effects due to scattering from
the meson cloud in the nucleon, while at sufficiently large t the dominant effect will come from
scattering of quarks in the nucleon. An important remaining question is how one can disentangle
scattering off the meson cloud from effects of nucleon tomography.
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